Abstract Global climate issues and a looming energy crisis put agriculture under pressure in Sub-Saharan Africa. Climate adaptation measures must entail sustainable development benefits, and growing crops for food as well as energy may be a solution, removing people from hunger and poverty without compromising the environment. The present study investigated the feasibility of using non-food parts of cassava for energy production and the promising results revealed that at least 28% of peels and stems comprise dry matter, and 10 g feedstock yields [8.5 g sugar, which in turn produced [60% ethanol, with pH & 2.85, 74-84% light transmittance and a conductivity of 368 mV, indicating a potential use of cassava feedstock for ethanol production. Thus, harnessing cassava for food as well as ethanol production is deemed feasible. Such a system would, however, require supportive policies to acquire a balance between food security and fuel.
INTRODUCTION
Bio-fuels (carbohydrate based or oil based; Chandel et al. 2007 ) are increasingly recognized as important forms of renewable energy (Londo et al. 2010) . Bio-ethanol is produced by hydrolysis and fermentation of carbohydrate feedstocks. This ethanol may be used as a fuel as is, or in a mixture with fossil fuels, using various proportions. Biodiesel is produced from oil plants like Jatropha curcas where the oil is blended with diesel to produce fuel (Davies 2006) . Bio-fuels (especially second-generation bio-fuels) hold the promise of sustainable and environmentally friendly energy forms (Chandel et al. 2007 ) and consequently, production has increased by 8% from the levels in 2005 to 33 thousand million liters in 2009. It has been established that production of bio-ethanol and other domestic forms of energy is economically viable and feasible with available technologies (Londo et al. 2010; Tillman et al. 2009 ). Crops grown for energy production purposes may be sugar cane (Hall et al. 2009 ), cassava, corn, and sweet potato (Ziska et al. 2009 ) as well as other high sugar and high biomass producing crops and nontraditional food or cash crops. In addition, municipal and agricultural wastes may be used for energy production (Rist et al. 2009 ). However, the choice of feedstock is based on availability, competition between food and non-food products, and cost (Londo et al. 2010) , thus making the search for an optimal feedstock of uttermost importance. The high productivity and yield of cassava (Ziska et al. 2009 ), along with its ability to grow on marginal soils (Dixon et al. 2002) , requiring a minimum of labor (Chiwona-Karltun et al. 1998 ) and management costs (Jannson et al. 2009 ), have placed it among the candidates for bio-ethanol production.
In countries such as Uganda, cassava is at present predominantly used for food and production of cassava remains low in terms of yield per hectare compared to its potential (FAO 2005 (FAO -2008 . The volume presently produced may not meet the demand of ethanol production as well as reducing food insecurity in situations of food deficit. This calls for exploitation of alternative forms of feedstocks. In terms of cassava, the above ground biomass, including stem and leaf residues, is often not utilized for economical purposes (Ahamefule 2005) , apart from being a source of planting material (Pattiya et al. 2007 ) and the unintended use as fertilizer (Fermont et al. 2008) . Root residues, especially peels, which are poisonous due to high levels of cyanogenic glycosides (Guo et al. 2008; Pattiya et al. 2007) , may be exploited for energy production taking into account their role in nutrient recycling (Fermont et al. 2008) . Sustainability may be achieved if energy production is linked to food production and if energy production is harmonized with the livelihoods of people. Livelihood diversification would require the understanding of society dynamics in terms of domestic energy consumption as well as investigating possible ways of producing energy from available resources (Amigun et al. 2008) . Non-food parts of the cassava may play a very significant role in the production of energy since they produce relatively high amounts of biomass, are easily hydrolysable and have a high content of dry matter (Kosugi et al. 2009 ). Furthermore, starch extraction industries produce lignitic and cellulosic material that may be used for generating ethanol (Akpan et al. 2004) . Using cellulosic and lignocellulosic material as feedstocks in production of bio-ethanol is as efficient as starch-based feedstocks and is important since the green house gas emission from this bio-ethanol is reduced by up to 80% compared to the 40-60% of the first generation bio-fuels (Londo et al. 2009 ). The aim of the present study was to explore the feasibility of using non-food parts of cassava for bio-fuel production. The inexpensive nature of cassava stems and peel biomass as well as their abundance, create an opportunity for cassava exploitation in the production of bio-ethanol.
MATERIALS AND METHODS

Feedstocks
The cassava variety TMS 30572 was selected for the study. It is characterized by high yield (44 ton ha -1 ) and above ground biomass as well as a high content of dry matter (*40%). The leaves and roots of this variety hold high levels of cyanogenic glycosides (HCN-equivalents *800 mg kg -1 , dry weight) compared to other common Ugandan cassava varieties. The different plant parts (stem, leaves, root, and root peels) were collected separately, 5 kg of each, in triplicate. The material was collected uniformly from individual plants to avoid tissue differences, immediately stored at 4°C and transferred to the laboratory.
Treatment of Feedstocks
Stem and peel samples were chopped, washed, and dried at room temperature for 3 h before manually crushing them with a hammer, allowing the resulting particles to pass through a sieve (size 5 mm). Samples were put into glass bottles prior to hydrolysis. Leaf and root samples were washed, dried for 3 h and chopped into fine particles (\2 cm diameter).
Compositional Analyses of Feedstocks
The treated samples were analyzed for dry matter, ash, lipid, and protein content as well as for starch. Dry matter content (DMC) was determined by placing the samples in an air-forced oven at 105°C until a constant weight was attained, after which the percentage of dry matter was calculated. The ash content was determined by burning the air-dried samples at 550°C for 8 h in a furnace. The samples were cooled in a desiccator and the percentage ash was calculated. Total organic content of the feedstocks was calculated as the difference in weight between the ash content of the feedstock and the dry matter content. Total protein content of the samples was analyzed using the Bradford method (Bradford 1976 ) and the sample preparation procedures included analyzing the colored compounds in the stem, peel, and leaf matter, measuring the absorbance of untreated samples prior to the protein test. Starch content of the feedstocks was determined in triplicates (100 g wet weight) after enzymatic hydrolysis, using an enzyme solution comprising amylase (3000 IU ml -1 , BDH Laboratories) and amyloglycosidase (60 IU ml -1 , SIGMA, Aldrich). The liberated amount of glucose was quantified as described by Dubois et al. (1956) . Lipid content of the samples was determined by means of extraction, using a hexane chloroform mixture (1:1, volume ratio), after which the weight loss of the samples was estimated and the percentage lipid content was calculated (Nuwamanya et al. 2010 ).
Hydrolyses of Samples
Stem, leaf, root, and peel samples were hydrolyzed using the following hydrolysis methods. Acid and alkaline hydrolyses were carried out on triplicate samples of matter (stem, leaf, peel, and root separately), 200 g each in 200 ml solution, 1 M HCl for the acid hydrolysis, and 1 M NaOH for the alkaline hydrolysis. From each solution, samples for analyses of reducing sugar content were taken on an hourly basis for 8 h and thereafter daily for 5 days. Enzymatic hydrolyses were carried out on triplicate samples of 200 g wet weight, using a combination of different enzymes; amyloglycosidases (60 IU ml -1 , SIGMA, Aldrich), amylase (3000 IU ml -1 , BDH Laboratories) and cellulases (75 IU ml -1 , SIGMA, Aldrich) in a 200-ml solution. The amount of the different sugars liberated by the enzymes was noted along with the environmental conditions under which the liberation occurred. Samples for analyses of the content of reducing sugars were taken from each solution on an hourly basis for 8 h, and thereafter daily for 5 days.
Estimation of Reducing Sugars
The method of Dubois et al. (1956) was used to estimate the total amount of reducing sugars produced during hydrolysis.
Microorganism Preparation and Sugar Fermentation
The glucose-fermenting microorganism Saccharomyces cerevisiae was used. Cells were grown on 1% (wv -1 ) yeast extract, 2% (wv -1 ) peptone, and 2% (wv -1 ) glucose and mixed with 20% (ww -1 ) glycerol and subsequently stored in vials at -20°C.
Sugar Fermentation and Estimation of Fermentation Efficiency
After successive saccharification procedures, the mash was cooled to room temperature (*27°C), keeping the pH at 4.5-5.0. A yeast extract was then added to allow fermentation. Inoculum was produced by inoculating a 1000 ml shake flask (500 ml culture volume constituted from the hydrolysis mixtures above) with 7.5 ml of frozen yeast cells. The contents were subsequently transferred to a 2-l shake flask (1 l culture volume) and consequently used for the fermentation, which was carried on for 6 days with regular mixing of the mash (Sassner et al. 2006) . Fermentation efficiency was assessed by measuring the decrease of the amount of reducing sugars in the fermenting solution (beer) and was performed hourly for 8 h and thereafter daily for 6 days.
Ethanol Recovery and Ethanol Evaluation
Ethanol was separated from the beer (500 ml) using a threephase distillation procedure in which the first distillation was carried out at a temperature range of 20-94°C to recover the first distillate. The distillate was then redistilled at 90°C twice consecutively, to produce ethanol (60-65%) for further evaluation. The amount of ethanol produced from each 500 ml batch of the beer, was used to calculate the ethanol yield. To ascertain the quality of the ethanol produced, various procedures were utilized as described below.
Visual measurements based on the visible properties of ethanol were used to evaluate the color and aspect of ethanol at different processing stages and concentrations according to National Response Team (NRT) quick reference guide (www.nrt.org/production/NRT/NRTWeb.nsf).
Ethanol clarity was analyzed by transferring samples of the produced ethanol to a cuvette and measuring transmittance of light at 650 nm in a spectrophotometer, using double distilled, deionized water and 95% ethanol as standards. The level of acidity of the processed ethanol was assessed by titration with NaOH (aq.) (Titratable acidity), using phenolphthalein as indicator (Fabro et al. 2006) . Titratable acidity was expressed as the total volume of 0.1 M NaOH (aq.) used to neutralize the existing acid. The pHvalue of the produced ethanol was appraised using a pHmeter. The conductivity of ethanol was measured with a conductivity meter, with a cell constant equal to 0.1 cm -1 . Presence of sulfate and chloride in the produced ethanol was assessed by means of precipitation analysis. A 0.1-M barium chloride solution was added drop wise (up to 0.5 ml) to 0.5 ml ethanol to study possible formation of barium sulfate, a salt insoluble in water solutions. Similarly, presence of chloride ions was studied by drop wise adding up to 0.5 ml of silver nitrate solution to a 0.5-ml ethanol sample and the possible precipitate of solid silver chloride were studied.
To determine lipid content, dried samples were extracted using a hexane chloroform mixture (1:1, volume ratio), after which the weight loss of the samples was estimated and the percentage of lipid content was calculated (Nuwamanya et al. 2010) .
The percentage of ethanol in the azeotropic mixture was calculated as below.
789 is the specific gravity of the ethanol, sgb = 1 = the specific gravity of water, m = the mass of mixture, v = the volume of mixture.
Statistical Analysis
The Microsoft Excel software was used for descriptive statistics of the feedstocks used. Composition of untreated feedstocks was defined as the average of at least three independent samples originating from the same lot of material, while in the treated feedstocks, two samples of the test solution were used to estimate the composition of reducing sugars. Further statistics involved the analysis of variance as well as correlation and regression analyses, using the GENSTAT Discovery Edition 3 software. All tests were performed at 5% level of significance. ANOVA was used to test the difference between the means of different parameters for feedstock composition as well as the properties of ethanol produced from different feedstocks. After ANOVA, the least significant differences were used to test the difference in means of quantitative ethanol properties. Correlation analysis highlighted relationships between the different ethanol properties and the composition of feedstocks. Covariance was used to test the effect of other factors on the resulting properties of the ethanol.
RESULTS
Composition
The amount of dry matter varied among different plant parts with dry matter content of peels (30.5%) and stems (28.77%) comparable to that of roots (38.60%). High levels of protein were observed in above ground parts with leaves having the highest levels (12.3%) and the roots exhibiting the lowest (0.38%). The content of ash was considerably lower in leaves and roots (0.33 and 0.27%, respectively) compared to peels and stems. Lipid contents were comparable in dried peels (0.39%) and leaves (0.36%) and somewhat lower in stems and roots (\0.3%). Composition of plant bio-molecules did not follow a particular pattern in the plants and varied in most instances.
Production of Reducing Sugars
Hydrolysis of feedstocks, using acid, alkali as well as enzymes, resulted in production of various amounts of reducing sugars (glucose ? C n -sugars, where n = 3, 4, and 5, and other reducing saccharides), as illustrated in Fig. 1 . Analysis of variance revealed significant differences in the total reducing sugars produced from the different plant parts (see Table 3 ). During initial hydrolysis, stems and peels produced the highest amount of Fig. 1 Comparison of the amount of reducing sugars (RS) expressed as g hydrolyzed feedstock per 5 g raw feedstock, produced during the first 6 h of hydrolysis of the different plant parts, using acid, alkali and enzymes. Bars display the levels of reducing sugars measured at different points of time. a 1st hour, b 2nd hour, c 3rd hour, d 4th hour, e 5th hour of hydrolysis, f 6th hour reducing sugars compared to roots and leaves, the latter producing the least amount. In roots, the use of cellulase alone resulted in degradation of only cellulosic material, not affecting the starchy material. In leaves, hydrolysis with sodium hydroxide and hydrochloric acid produced larger amounts of reducing sugars than enzymes (Fig. 1) . In all plant parts, the enzymes required more preparative stages and time before reducing sugars were produced (Fig. 2) . The amount of reducing sugars produced from the leaves did not differ significantly between the different methods of hydrolysis. Hydrolysis continued after 8 h for 5 days, accompanied by a corresponding increase of reducing sugar levels, as illustrated by Fig. 2 . After 5 days, the enzyme hydrolysis yielded almost the same amount of reducing sugars as acid and alkaline-hydrolyzed feedstocks (Fig. 2) . Percentage relative increase in total reducing sugars ranged between 37% for the peels and 74.8% for the leaves compared to reference material (roots), suggesting that roots are more susceptible to hydrolysis compared to other plant parts.
Fermentation Efficiency
Fermentation efficiency was expressed as the amount of reducing sugars present in the fermenting solution at 1 h intervals for 8 h and thereafter at 24 h intervals for 6 days. No significant decrease in reducing sugar content was observed during the first 8 h of fermentation, after which a progressive decrease with time was observed (Table 1) . After 24 h, the sugar content in the fermentation broth was significantly decreased (P \ 0.001), while the number of yeast cells in the broth had increased. Fermentation efficiency varied between the different parts of the feedstocks, with peels utilizing only 78.5% of the sugars. Stems showed the most efficient fermentation; 90.41% of the sugars were utilized, leaving less than 10% unutilized. The decline in the total amount of reducing sugars from 0 to 5 days in the different plant parts is illustrated in Table 1 .
Ethanol Yield and Quality
The ethanol produced after 6 days of fermentation was of a very low concentration, the first distillate held a concentration of *11%. Three successive distillations increased the yield to a maximum concentration of ca. 60% of the azeotropic mixture with percentages of ethanol produced ranging from 59.5% acquired from the leaves to 61.4% from the roots. Properties of the ethanol produced are presented in Table 2 . The total volume of ethanol produced from the different parts differed, with leaves yielding the lowest amount. The content of crude protein and ash affected the purity and clarity of the ethanol. The parts of the cassava plant with high protein and ash contents produced ethanol with a yellowish color. At low concentrations, (10-20%), the ethanol was partly hazy and cloudy, while clear and slightly yellowish to colorless at approximately 60%. The final ethanol extract was clear and its clarity was comparable to that of distilled water and commercial 96% ethanol (reference solutions), with an average light transmittance of 77%. The pH-levels of the ethanol produced did not show a large variation between the plant parts (roots and peels 2.87 and stems 2.82). No a Reducing sugar concentration is the total amount of reducing sugars immediately after preparation of the fermentation broth. LSD least significant difference, CV coefficient of variation, RSU percentage reducing sugar utilized after 5 days precipitation was formed when adding barium (Ba 2? ) or silver (Ag ? ) ions, indicating no presence of chloride or sulfate. The conductivity of ethanol produced from different plant parts was [350 (mV). There were significant differences in ethanol yield (ml 500 l -1 of beer) as well as the ethanol percentage obtained, between the different plant parts used as feedstocks (see Table 3 for statistics).
DISCUSSION
The high content of dry matter observed in the different parts of cassava plants may be hydrolyzed into fermentable sugars. This has a bearing on the final yield of reducing sugars, since high contents of dry matter are desirable in ethanol production (Ziska et al. 2009 ). The variations in protein content between the different plant parts of the present study, leaves showing high levels of protein compared to other parts of the plants, were notable since a significant relationship between ethanol properties and total protein content in different feedstocks existed. High protein content resulted in production of lower quantities of ethanol and vice versa, suggesting that cassava, compared to highly proteinaceous cereal feedstocks (Wang et al. 2008) , holds a potential of becoming an important feedstock for producing high quality ethanol, since it has low levels of micronutrients even in its roots (Nuwamanya et al. 2010) . Compared to the composition of other important ethanol feedstocks like corn (Marshall and Sugg 2009; Agbogbo and Wenger 2007) and sugar cane (Hayes 1982) , the cassava plant is favorable for production of ethanol of right quality and quantity (Ziska et al. 2009 ).
The low amount of reducing sugars obtained from roots during the initial hours of hydrolysis may be attributed to the preparation procedure since they were not crushed but chopped, further confirming the importance of the preparative steps for hydrolysis of the different feedstocks (Ziska et al. 2009; Mosier et al. 2005) . Obtaining high initial levels of reducing sugars in peels and stems compared to roots, along with the stringent preparative procedures required, illustrates the difficulty of using cellulosic feedstocks for ethanol production. The observed differences in the amount of reducing sugars produced from roots and other plant parts, further confirms this fact. Thus, the choice of feedstocks should encompass the time and effort required as well as the cost of preparation and hydrolysis (Yoonan and Kongkiattikajorn 2005) , which has a bearing on the fermentation as well as the final product n/a n/a 1.08 CV 0.6 9.0 2.3 14.2 n/a 4.3 n/a n/a 14.2 a Ethanol yield in ml/500 ml of original crude mixture of sugars. b Titratable acidity (TA) expressed as the volume of 0.1 M NaOH used to neutralize total acidity on titration of 2 ml *60% ethanol. CV is in % and LSD is given for 5% b Differences not significant at 5% (Kristensen et al. 2008) . The ability to produce sufficient amount of reducing sugars determines the importance of a particular feedstock for ethanol production (Hayes 1982; Agbogbo and Wenger 2007) . Feedstocks with ability to produce high amounts of glucose using simple hydrolysis procedures are important alternatives for biomass fuel production (Londo et al. 2010) . All the factors mentioned above will in the end determine the final cost of the ethanol produced (Marshall and Sugg 2009; Kristensen et al. 2008) . The physiological state of the feedstock and the environmental conditions under which the feedstocks are grown, are also important factors to consider. In the present study, cassava was grown up to 12 months prior to 5 g being extracted from the different parts.
The comparison of the different hydrolysis methods revealed that acid and alkaline hydrolyses yielded higher amounts of reducing sugars than the enzymatic hydrolysis, suggesting that these two methods may be employed (Ziska et al. 2009 ). The use of enzymatic hydrolysis, on the other hand, is a slow but secure way of obtaining glucose for fermentation. It is important to note that enzymes are specific to particular substrates and give specific products, allowing employment of specific fermentation procedures and/or organisms (Patle and Lal 2009) . Cellulases digest cellulose into glucose while amyloglycosidases and amylases digest existing starch in the different feedstocks. The ability to concentrate starch after cellulosic hydrolysis stresses the importance of complementation of enzymes when hydrolyzing different feedstocks, as each enzyme targets a particular substrate (Toran-Diaz et al. 2009 ). The low amount of reducing sugar obtained from leaves may be attributed to the low amount of dry matter associated with leaves as well as the low amounts of total carbohydrates coupled to a significant portion of proteinaceous and lipid matter in leaves (Ballesteros et al. 2000) .
Fermentation efficiency depended on the ability of the yeast to utilize particular feedstocks based on their characteristics and compositional differences. The absence of differences in fermentation efficiency during the first 8 h was due to the yeast establishing itself in the fermenting solution, growing to a certain colony volume able to utilize the existing sugars. The variations in fermentation efficiency may be attributed to the type of sugars produced as well as substrate preferences by the fermenting organism, since different parts of the cassava plant produce different sugar types apart from glucose (Brauman et al. 1996) . Different compositional characteristics of feedstocks affect their hydrolysis, consequently affecting the type of reducing sugars produced and hence moderating the type of metabolism carried out by yeast under such circumstances (Van Dijken et al. 1993) . Other factors to consider are the different levels of cyanogenic glycosides and proteins in different parts of the cassava plants, which may have affected establishment of yeast in the solution. These compounds affect the growth of yeast in fermenting broth depending on whether they are metabolized by yeast or not, which directly affects growth and metabolism of yeast (Boonnop et al. 2009; Klinke et al. 2004 ). In particular, lignocellulosic materials in hydrolyzed leaves, stems, and peels may result in production of small molecular weight compounds such as furan derivatives, phenolic compounds, and amine-based compounds such as vanillin, all inhibiting fermentation (Endo et al. 2008) . The low ethanol percentage obtained with progressive fermentation of sugar is most likely due to the fact that yeast is affected by high concentrations of ethanol in the solution, which may inhibit its metabolism and hence reduce its efficiency (Adesanya et al. 2008) .
The low volume of ethanol produced from leaves was due to low sugar contents obtained after hydrolysis of leaves, which in turn was attributed to low content of dry matter and the carbohydrate composition of this feedstock as shown in Fig. 1 . The improvement of color and other aspects of the produced ethanol were most probably due to repeated distillations, removing colored and volatile compounds, thus increasing purity (Gryta et al. 2000) . The differences observed in total titratable acidity were probably due to differences in feedstock composition. Earlier studies have showed that break down products of different feedstocks differ (Yu et al. 2007 ) and their effects on the fermentation broth may result in differences in its titratable acidity. Chloride and sulfate ions are the major impurities of crop-derived ethanol. These ions may reduce the quality of the ethanol, making it undesirable to apply in motor engines and other appliances (de Oliveira et al. 2009 ). Absence of chloride and sulfate ions in the ethanol produced in the present study, suggest high purity (Teixeira et al. 2009 ), thus making cassava highly competitive.
The protein and lipid contents are important components of dry matter, but their effect on ethanol volume and percentage seems to be linked to their inability to produce relevant sugars for ethanol production, thereby impinging on the overall outcome of sugar fermentation (Veljikovic et al. 2005) . The presence of ash and lipids negatively affects the utilization of sugar, which consequently influences the fermentation efficiency of different feedstocks (Wu et al. 2006) . These compounds appear to be important in determining the pH (positive correlation between pH and lipid contents) and conductivity of ethanol (positive correlations between ash and conductivity), thus having an impact on yeast growth regimes in the fermentation broth (Klinke et al. 2004 ). This most likely concerns the fermenting organisms, which are negatively affected by high contents of ash and lipids. The ash, lipid, and protein contents of feedstocks negatively affected the clarity and total volume of ethanol produced, but had no discernable effect on its quality. Interestingly, ethanol clarity was positively correlated with the volumes of ethanol produced. Thus, feedstocks producing high quantities of ethanol also had ethanol of high clarity. The production of ethanol is affected by different parameters, mainly depending on the feedstock as well as the processing conditions.
CONCLUSIONS
The present study has demonstrated a potential for exploitation of cellulosic and starch ethanol from cassava non-food parts. Taking into account that the simultaneous need for energy and food need to be met without compromising the environment, they provide a viable option, holding great potential for acquiring a sustainable system. The use of cassava ethanol as a second-generation bio-fuel provides a starting-point for improvements in cultivation and adoption of cassava as well as improving food security. In addition, this may mitigate the human effects on climate change by producing efficient, clean, and renewable energy.
To achieve a sustainable food and energy system, it is important that investments be made in developing, improving, and making technologies available for feedstock preparation, hydrolysis, and fermentation. Comprehensive guiding policies on exploitation of the bio-fuel sector are urgently needed for this purpose. Policies would ensure the use of both edible and nonedible components of the plant rather than a competition between food and energy, thus facilitating dual plant utilization. In particular, seed availability in communities where the stems provide the bulk of cassava seeds, care should be taken not to generate a shortage of adequate planting material. This is particularly crucial in cassava-farming communities with poor households, mainly comprising women and children.
